Abstract The most potent of the dioxins, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is a persistent and ubiquitous environmental contaminant. And the health impact of exposure to TCDD is of great concern to the general public. Recent data indicate that Lglutamine (Gln) has antioxidant properties and may influence hepatotoxicity. The objective of the present study was undertaken to explore the effectiveness of Gln in alleviating the hepatotoxicity of TCDD on primary cultured rat hepatocytes. Gln (0.5, 1 and 2 mM) was added to cultures alone or simultaneously with TCDD (0.005 and 0.01 mM). The hepatocytes were treated with TCDD and Gln for 48 h. Then cell viability was detected by [3-(4,5-dimethyl-thiazol-2-yl) 2,5-diphenyltetrazolium bromide] (MTT) assay and lactate dehydrogenase (LDH) release, while total antioxidant capacity (TAC), total glutathione (TGSH) and total oxidative stress (TOS) levels were determined to evaluate the oxidative injury. The DNA damage was also analyzed by liver micronucleus assay (MN) and 8-oxo-2-deoxyguanosine (8-OH-dG). The results of MTT and LDH assays showed that TCDD decreased cell viability but not L-glutamine. TCDD also increased TOS level in rat hepatocytes and significantly decreased TAC and TGSH levels. On the basis of increasing doses, the dioxin in a dosedependent manner caused significant increases of micronucleated hepatocytes (MNHEPs) and 8-OH-dG as compared to control culture. Whereas, in cultures exposured with Gln alone, TOS levels were not changed and TAC and TGSH together were significantly increased in dose-dependent fashion. The presence of Gln with TCDD modulated the hepatotoxic effects of TCDD on primary hepatocytes cultures. Noteworthy, Gln has a protective effect against TCDD-mediated DNA damages. As conclusion, we reported here an increased potential therapeutic significance of L-glutamine in TCDD-mediated hepatic injury for the first time.
Introduction
Polychlorinated dibenzo-p-dioxins are persistent environmental pollutants. The most potent congener, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), acting through aryl hydrocarbon receptor (AhR)-mediated signalling pathways, produces various toxic and biochemical effects, such as reproductive and developmental defects, immunotoxicity, liver damage, wasting syndrome, and cancer (Lu et al. 2011) . There is consistency between humans and rodents in the target organs affected by dioxins (liver, oral cavity, cardiovascular system, immune system, thyroid, pancreas, and lung) (Yoshizawa et al. 2007 ). Induction of cytochrome P450 1a1 (Cyp1a1), via binding of the AhR to the dioxin response element (DRE) in the Cyp1a1 gene, is a major cause of oxidative stress and wasting syndrome after dioxin exposure (Parke et al. 1991; Nebert et al. 2000; Kopf et al. 2010) . Treatment of C57BL/6 mice with TCDD (15 lg/kg, ip) increases mitochondrial ROS, which is dependent on the AhR; however, this low-toxic dose of TCDD also increases reduced glutathione (GSH) in liver mitochondria (Senft et al. 2002) .
The generation of reactive oxygen species (ROS) can lead to oxidative stress, cell damage, and disease. A hallmark of oxidative stress is lipid peroxidation, which disrupts the structural integrity of cell membranes and can also lead to the formation of aldehydes, which in turn further damage lipids, protein, and DNA. Cells possess defense mechanisms to protect against free radical damage including antioxidant enzymes (superoxide dismutase; SOD, catalase; (CAT) and glutathione peroxidase; GSH-Px) and glutathione which scavenge free radicals to form non-radical products (Kern et al. 2002) .
ROS are produced in response to exposure to environmental toxins, such as TCDD (Turkez et al. 2012a, b) . In experimental animals, TCDD exposure damaged a number of target organs including liver, thymus, and adipose tissue (Kern et al. 2002; Turkez et al. 2012a, b) . After the administration of TCDD to rodents changes were observed which associated with increased oxidative stress, including increased superoxide formation, lipid peroxidation (Kern et al. 2002) , and DNA single strand breaks (Shertzer et al. 1998 ). In addition, another study (Slezak et al. 2000) demonstrated that indices of oxidative stress were present after both acute and subchronic administration of TCDD to mice, but the ROS production required only low tissue levels of TCDD in the subchronic exposure mice. Hence, there is an increasing interest to find the appropriate agents with antioxidative protection for hepatocyte cells. On the other hand, there are equivocal findings of chromosomal aberrations in humans exposed in vivo to TCDD (IARC 1997) and the increases in production 8-OH-dG in the liver of mice (Hung et al. 2006) . Today, it is reported that TCDDlike chemicals alter expression of numerous genes in liver, but it is still unclear which pathways lead to major toxicities such as hepatotoxicity, wasting and lethality (Forgacs et al. 2010; Moffat et al. 2010) .
In certain situations, people require the reasonable substitution of different dietary components. These include, amongst other things, the amino acid glutamine, which plays a central role in this study. Gln is the most occurring free amino acid found in the human body (Rohde et al. 1996) . The nonessential amino acid Gln has recently been the focus of extensive scientific interest because of its importance in cell and tissue cultures and its physiologic role in animals and humans. Abundant evidence suggests that Gln may become a ''conditionally essential'' amino acid in the critically ill (Lacey and Wilmore 1990) . Gln has been shown to restore muscle mass in cachexia due to cancer, rheumatoid arthritis, AIDS, and in critically ill trauma patients (Kuhls et al. 2007; Berk et al. 2008) . Depletion of Gln stores can lead to severe complications, such as infection, poor wound healing, impaired immunity, increased intestinal permeability, and finally multiple organ failure (Müller et al. 2010; Abraham and Isaac 2011) . Gln appears to be a unique amino acid, serving as a preferred respiratory fuel for rapidly proliferating cells; a regulator of acid-base balance through the production of urinary ammonia; a carrier of nitrogen between tissues; and an important precursor of nucleic acids, nucleotides, amino sugars, and proteins (Bort et al. 2010; Slivac et al. 2010) . Gln is a key amino acid used to produce urea in liver (Darmaun 2000) . The protective effect of Gln is already known and it was demonstrated a remarkable dependence of the hepatocyte function (Yang et al. 2010) . It was also indicated that Gln via increasing activity of antioxidant enzymes and/or GSH level decreases oxidative stress (Matés et al. 2002; Kawada et al. 2009 ). However, no attention was paid to the effects of supplementation with Gln in hepatoprotection against TCDD; and also the information regarding Gln upon micronucleus (MN) formations in hepatocyte cells remains unknown. Since, in recent years, several natural formulations relating to reducing or eliminating TCDD toxicity have been in focus (Kwon et al. 2004) , in our present study, we examined the effects of supplementation with Gln in TCDD-induced hepatotoxicity on the viability of cells (with LDH and MTT assays). We also evaluated for the first time the role of supplementation with Gln on antioxidant capacity (with TAC, TGSH and TOS levels) and DNA damage (with MN rates and 8-OH-dG levels) after TCDD-treatment.
Materials and methods

Test compounds and chemicals
TCDD (CAS No. 1746-01-6 ) and L-glutamine (Gln, ) was purchased from SigmaAldrich Ò (USA). All other chemicals that used in experiments were also purchased from SigmaAldrich Ò and Fluka Ò (Germany).
Animals
Male rats of Sprague-Dawley strain (from Medical Experimental Research Center, Ataturk University, Turkey), of 200-300 g body weight, were used throughout the present studies. They were allowed water and standard laboratory chow ad libitum and were maintained under standard light, temperature, and relative humidity conditions. All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NRC 1996) . The study protocol was approved by the local ethical committee.
Hepatocyte isolation and cultivation
Rats were sacrificed by CO 2 overdose, and the livers were removed immediately. Isolated hepatocytes from rats were prepared by the collagenase perfusion technique (Wang et al. 2002) . The liver was perfused through the hepatic portal vein with calcium-free Hanks balanced salt solution to remove blood for about 10 min at a flow rate of 2.5 mL/min. As soon as the liver became grayish brown in color, a second buffer solution containing collagenase (Hank's balanced salt supplemented with 4 mM calcium chloride and 0.5 mg collagenase/mL) was perfused at the same rate until the liver appeared to have broken up. After treatment the liver was minced into 3-to 4-mm pieces with a sterile scalpel. Following mechanical dissociation, the cells were filtered through a gauze and centrifuged at 1,350 rpm for 5 min. Then, the hepatocytes were collected in Dulbecco's modified eagle medium (DMEM) containing bovine serum albumin (0.1%) (Sigma Chemical Co., St. Louis/MO, USA) and bovine insulin (5lg/mL). The cell suspension was filtered through a gauze again and allowed to sediment for 20 min to eliminate cell debris, blood, and sinusoidal cells. The cells were then washed three times by centrifugation at 50 g, tested by Trypan blue dye exclusion for viability (always in the range of 82-93 %). The hepatocytes were then suspended in a mixture of 75 % (v/v) Eagle's minimum essential medium and 25 % (v/v) medium 199, supplemented with 10 % (v/v) fetal calf serum containing streptomycin (100 lg/mL), penicilin (100 IU/mL), bovine insulin (5 lg/mL), bovine serum albumin (1 mg/mL) and NaHCO 3 (2.2 mg/L). For the experimental procedure, hepatocytes were plated in multiwell tissue culture plates (3 9 10 5 cells in a well area of 3.8 cm 2 ; 8 9 10 5 cells in a well area of 9.6 cm 2 ). The medium was changed 3-4 h later. The effect of TCDD and Gln was studied after 48 h of exposure in cultures maintained with a medium deprived of fetal calf serum but supplemented with hydrocortisone hemisuccinate (for inducing differentiation of the hepatocyte-like cells into more granular cells) (7 9 10 -7 M) (Rakba et al. 1999 ). Hepatocytes were cultured for an additional 8 h before treatment.
Treatments
After 8 h of plating, when primary hepatocytes got adhered and attained their epithelial morphology, culture medium was aspirated and replaced with an equal volume of medium supplemented with different concentrations of TCDD (0.005 and 0.01 mM) and Gln (0.5, 1 and 2 mM; physiological concentration and its two and four times concentrations) kept in 5 % CO 2 incubator for 48 h (n = 6). This protocol is based on the works of Bechoua et al. (1999) and Katic et al. (2010) .
MTT assay
Viability of cells was assessed by measuring the formation of formazan from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) in a spectrophotometrically test. Hepatocytes were incubated with 0.7 mg/mL MTT for 30 min at 37°C at the end of the experiment. After washing with PBS the blue formazan was extracted from cells with isopropanol/formic acid (95:5) and spectrophotometric signal was determined at 560 nm (Lewerenz et al. 2003) . Cell viability rate was calculated as the percentage of MTT absorption as follows:
Lactate dehydrogenase assay
Lactate dehydrogenase (LDH) activity was measured in the culture medium as an index of cytotoxicity, employing an LDH kit (Bayer Diagnostics Ò , France) adapted to the auto analyzer (ADVIA 1650, USA). Enzyme activity was expressed as the extracellular LDH activity percentage of the total activity on the plates.
Total antioxidant capacity and total oxidant status assays
The major advantage of TAC test is to measure the antioxidant capacity of all antioxidants in a biological sample and not just the antioxidant capacity of a single compound. In this test, antioxidants in the sample reduce dark blue-green colored ABTS radical to colorless reduced ABTS form. The change of absorbance at 660 nm is related with the total antioxidant level of the sample. The assay is calibrated with a stable antioxidant standard solution which is traditionally named as Trolox Equivalent that is a vitamin E analog. In TOS assay performed here, oxidants present in the sample oxidize the ferrous ion-chelator complex to ferric ion. The oxidation reaction is prolonged by enhancer molecules, which are abundantly present in the reaction medium. The ferric ion makes a colored complex with chromogen in an acidic medium. The color intensity, which can be measured spectrophotometrically, is related to the total amount of oxidant molecules present in the sample. The assay is calibrated with hydrogen peroxide and the results are expressed in terms of micromolar hydrogen peroxide equivalent per liter (lmol H 2 O 2 Equiv./L). The automated Trolox equivalent total antioxidant capacity (TAC) and total oxidant status (TOS) assays were carried out in samples obtained from hepatocyte cultures after 48 h of incubation by commercially available kits (Rel Assay Diagnostics Ò , Gaziantep, Turkey).
Total glutathione
The glutathione content (GSH) of cell suspensions was determined by the 5, 5 0 -dithio-bis (2-nitrobenzoic acid)-glutathione disulfide (DTNB-GSSG) reductase recycling assay. Briefly, 200 lL of cell suspension was added to 200 lL of 10% (w/v) 5-sulfosalicylic acid for protein precipitation and centrifuged 2 min at 12,000 rpm. Supernatant aliquots were taken out for measurement of total glutathione (TGSH) following the DTNB oxidation at 415 nm and compared with a standard curve (Lima et al. 2004 ).
Liver micronucleus assay
Liver micronucleus (MN) assay was done by using the method of Suzuki et al. (2009) . Immediately prior to evaluation, 10-20 lL of hepatocyte suspension was mixed with an equal volume of acridine orange (AO)-4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI) stain solution (AO, 0.5 mg/mL; DAPI, 10 lg/mL) for fluorescent staining. Approximately 10-20 lL of the mixture was dropped onto a glass slide and covered with a cover glass. Samples of well-isolated hepatocytes were evaluated with the aid of a fluorescence microscope counting the number of MNHEPs in 2000 hepatocytes for each animal. MNHEPs were defined as hepatocytes with round or distinct MNs that stained like the nucleus, with a diameter 1/4 or less than that of the nucleus, and confirmed by focusing up and down, taking into account hepatocyte thickness. The test was performed by one observed.
Nucleic acid oxidation
After treating hepatocytes with TCDD and Gln, samples were lysed with lysis buffer. They were then incubated with RNase A (200 lg/mL) for 1 h at 37°C and proteinase K for 18-24 h at 50°C. The DNA was extracted with phenol-chloroform-isoamyl alcohol and precipitated with absolute alcohol; then the DNA was dissolved in sterile water, and the concentration was determined with a UV spectrophotometer at 260 nm. After adjusting the DNA concentration to 100 lg DNA/50 ll sterile water and heating to 100°C for 30 min to denature the DNA, 2 lL sodium acetate and 1 lL nuclease P1 (5 mg/mL) were added to the DNA and heated to 37°C for 1 h. Then 16 lL TrisHCl (1 M, pH 7.2) and 1.3 units of alkaline phosphatase (type III from Escherichia coli) were added and reacted at 37°C for 1 h. Finally, the amount of 8-OHdG was measured by high-performance liquid chromatography (HPLC) with electrochemical detection as described previously (Floyd et al. 1986; Schneider et al. 1993; Hwang et al. 2005) .
Statistical analysis
The experimental data were analyzed using one-way analysis of variance (ANOVA) and Fischer's least significant difference (LSD) tests to determine whether any treatment significantly differed from the controls or each others. Results presented as mean ± SD values and the level of 0.05 was regarded as statistically significant.
Results
In vitro cellular toxicity
The results of cell viability measured by MTT assay is shown in Fig. 1 . When assayed in vitro on the hepatocyte cells using the MTT assay, the values for the 0.005 and 0.01 mM TCDD-treated cells ranged from 1.3 to 2.4 fold lower than that for the control cell line, respectively. However, the 0.5, 1 and 2 mM doses of Gln provided in vitro activities on cell viability against the tested TCDD compound and no cytotoxicity was detected for normal cells (non TCDD treated).
TCDD-induced hepatocellular damage was clearly evidenced by increases in LDH levels compared with the observations of controls (Fig. 2) . Although LDH was not affected by Gln doses alone, decrease of the levels of enzyme reached statistical significance at all doses of L-glutamine against TCDD toxicity. Table 1 shows the effects of Gln on biochemical parameters in the tissue cells for all experimental groups. The hepatic TAC and TGSH levels decreased (p \ 0.05) in the 0.005 and 0.01 mM TCDD treated Fig. 1 Hepatoprotective effect of Gln on TCDD induced toxicity in cultured rat hepatocytes by the MTT assay. TCDD 1: 0.005 mM TCDD; TCDD 2: 0.01 mM TCDD; Gln 1: 0.5 mM L-glutamine; Gln 2: 1 mM L-glutamine; Gln 3: 2 mM L-glutamine; means (n = 6) in the figure followed by the different letters present significant differences from each other at the p \ 0.05 level Fig. 2 Hepatoprotective effect of Gln on TCDD induced toxicity in cultured rat hepatocytes by the LDH assay. TCDD 1: 0.005 mM TCDD; TCDD 2: 0.01 mM TCDD; Gln 1: 0.5 mM L-glutamine; Gln 2: 1 mM L-glutamine; Gln 3: 2 mM L-glutamine; means (n = 6) in the figure followed by the different letters present significant differences from each other at the p \ 0.05 level Cytotechnology (2012) 64:687-699 691 groups. On the contrary, TOS increased in cells cultured under the effect of TCDD. The hepatocytes of control groups maintained optimal value of the antioxidant status. On the other hand, the cells treated with 0.5, 1 and 2 mM Gln alone showed increases in the levels of antioxidant capacity. However, TOS levels were unchanged in both control and Gln groups. Moreover, application of Gln at all doses significantly (p \ 0.05) increased the reduced ratios of TAC and GSH by TCDD.
Biochemical tests
Genotoxicity assessment Table 2 shows the results of the liver MN assay in cultured rat hepatocytes. The tested doses of TCDD induced statistically significant increases in formations of MNHEPs although Gln did not change the MNHEP numbers (at all doses) as compared to control group. Also, Gln minimized the increased MNHEPs rates by TCDD in a clear dose dependent manner (Fig. 3) . The status of 8-OH-dG in liver cells of control and experimental groups was presented in Fig. 4 . Firstly, the hepatocyte levels of 8-OH-dG, a sensitive marker of oxidative DNA damage, were quantified with regard to TCDD administration. It was observed that TCDD significantly increased 8-OH-dG concentrations in the liver cell. Whereas, Gln at 0.5, 1 and 2 mM did not have any effect on the level of 8-OH-dG. Moreover, the Gln doses significantly decreased 8-OH-dG concentrations in TCDD-treated hepatocytes.
Discussion
This study examined the effects of TCDD on markers of oxidative stress, DNA damage, cell viability and hepatotoxicity in rat hepatocyte cultures. Because liver is the major organ involved in detoxification, and an important organ in the generation of ROS, hepatocytes were examined after the addition of TCDD in vitro. Also, we examined the effect of Gln treatment on hepatic injury resulting from TCDD. Our results HEP hepatocyte, MNHEPs number of micronucleated hepatocytes. TCDD 1: 0.005 mM TCDD; TCDD 2: 0.01 mM TCDD; Gln 1: 0.5 mM L-glutamine; Gln 2: 1 mM Lglutamine; Gln 3: 2 mM L-glutamine; means (n = 6) in the table followed by the different letters present significant differences from each other at the p \ 0.05 level indicated that although Gln prevented hepatic damage, it especially could play a beneficial role by preventing MNHEPs and changes in antioxidant status. In present study, the TCDD elicited severe instances of hepatocyte damage (increasing LDH). Whereas, Gln at high dose has a pronounced effect on the relative potency of TCDD. The LDH in serum as a biological marker for liver damage increases (Park et al. 2010) . Cell necrosis leads to a rise in concentration of the LDH enzyme in serum and tissue. The LDH released into the medium provides an index of cell death and membrane permeability to LDH, and an increase in LDH activity in the medium occurs as a result of cell membrane disintegration and enzyme leakage (Yokogawa et al. 2004 ). In addition, cytotoxicity, the degree to which a chemical could cause cell damage, was assessed in this study by the means of MTT assay. As shown in Fig. 1 , the MTT assay results revealed that TCDD was cytotoxic to hepatocyte cells. Overall, TCDD significantly decreased (p \ 0.05) the viability of hepatocytes. Consistent with our finding, MTT assay demonstrated that the viability of human adrenocortical, pancreatic and mammary cells is significantly decreased in after TCDD treatment (Bradshaw et al. 2002) .
The physiological plasma levels of Gln were reported to be between 0.5 and 0.7 mM in humans . Dose dependent protective effects of 0.5, 1 and 2 mM Gln supplementations were observed in human cultured lymphocytes by Greig et al. (2001) . Again the results of animal experiments indicated that 1.25 mM Gln supplementation could exhibit cellular protectivity (Khogali et al. 2002) . In the present study, Gln via increasing levels of TAC and GSH decreased oxidative stress in relation to the applied dose. In fact, the highest dose of Gln (2 mM) was determined more effective than 0.5 and 1 mM Gln. This novel finding may explain in part Gln protective effects. As a matter of fact, Gln serves as substrate for glutathione synthesis and was found diminished with Gln withdrawal that is associated with an increase in ROS levels (Gao et al. 2009 ). The relative potency of TCDD is also estimated by comparing the different dose levels for a particular response. Previous studies have suggested that oxidative stress following production of ROS plays a role in TCDD-induced toxicity (Slezak et al. 2000) , while others have observed superoxide production, lipid peroxidation, and oxidative damage in fetal and placental tissues from mammals upon treatment with TCDD . The results of Sul et al. (2009) revealed that treatment with 100, 300, 500 and 1,000 nM TCDD decreased the viability of neuroblastoma (N2a) cells and increased DNA damage in a dose-dependent manner. Additionally, a malondialdehyde (MDA) assay was performed to determine if TCDD induces lipid peroxidation. The results of this assay revealed that 100, 300 and 500 nM TCDD induced lipid peroxidation in a dose-dependent manner. These results indicate that treatment of N2a cells with TCDD increases lipid peroxidation and induce oxidative stress. Long-term exposure of mice to TCDD resulted in the induction of biomarkers of oxidative stress, including production of reactive oxygen species and lipid peroxidation in the hepatic tissues of mice .
It has been suggested that free radicals and ROS are quenched by amino acids, such as Gln . Therefore, under conditions of increased oxidative stress, dietary antioxidants become critical in maintaining a desirable oxidant: antioxidant balance. Our results revealed that Gln alone in hepatic tissue exhibited significant antioxidant activity. Increased TAC observed herein, was in agreement with previous rat models for liver (Szijártó 2008 ). The present study explored the ability of 0.01 mM dose as a protective agent that induces improvement of antioxidant capacity against TCDD. Gln supplementation resulted in particular protection of antioxidant status in hepatocytes after TCDD treatments, since: (1) the ratios of TAC and TGSH in Gln/TCDD hepatocytes were reestablished to control/Gln levels; (2) significant decreases were observed in the level of TOS in the hepatocytes of Gln and TCDD applied cultures. Gln in increasing dose showed induction of TAC and GSH in TCDD models, with values of 3.4-18.3 % and 4.2-36.4 %, respectively. This means that, Gln had significantly high antioxidant activity in hepatocyte cultures. This is not surprising since Gln has been reported as an efficient scavenger and quencher of ROS in lipid bilayers (Kumar and Anandan 2007) . Therefore, Gln provides enhancement of the immune response (Müller et al. 2010 ) and protection against diseases such as cancer through scavenging of oxygen radicals (Thébault et al. 2010) . However, the exact mechanisms of the protective effect of Gln against injury of organs and tissues are still incompletely understood (Jia et al. 2006 ).
Our present findings suggested that the total antioxidant capacity from Gln was due to GSH and/ or enhance enzymatic antioxidant defense against TCDD. Because, total antioxidant capacity comes from non-enzymatic antioxidants like glutathione (GSH), as well as enzymatic ones such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) (Murri et al. 2010 ). GSH, is one of the most abundant intracellular antioxidants in animal cells (Kidd 1997) , detoxifies endogenous ROS and provides protection against oxidative damage (Schauer et al. 2004 ). In female B6C3F1 mice, exposure to TCDD results in a significant depletion of GSH by oxidative stress in liver (Slezak et al. 2000) . The observed decreases in GSH-related enzyme activities indicated that TCDD may induce oxidative stress in rat hepatocytes at relevant low doses of TCDD by altering GSH metabolic mechanisms at the cellular level. GSH-Px enzyme metabolizes peroxides such as H 2 O 2 and protects cell membranes from lipid peroxidation (Twaroski et al. 2001) . It is suggested that amino acids may protect against different aspects of toxicity by serving as precursors for glutathione, or by converting to tricarboxylic acid cycle intermediates for energy production (Ralph et al. 2010 ). The energy potential of Gln is almost equivalent to that of glucose (Nelson and Cox 2008) . The liver is the major organ of Gln consumption. Gln provides carbons for energy and gluconeogenesis, nitrogen for ureagenesis, and substrates for nucleotide and glutathione biosynthesis in order to support cell repair and detoxification reactions (Austgen et al. 1991) . Gln was reported to be responsible for NADPH and ATP production. Since Gln was a precursor of GSH, its supplementation in the clinical diet could be used to maintain high levels of GSH and to avoid oxidative stress damage (Amores-Sánchez and Medina 1999). Again, increased utilization of cellular Gln delayed and prevented neutrophil apoptosis (Tihan et al. 2011) . As a matter of fact, the antiapoptotic effects of Gln on T cells were investigated and it was found that Gln not only regulated intracellular oxidative balance but also precluded especially T cell apoptosis (Chang et al. 2002) . In accordance to this finding, a statistically significant increase in bcl-2 gene expression was thought to be the most important step of apoptosis preventing the effect of Gln in the period following its entry into the cell (Pithon-Curi et al. 2003; Ran et al. 2004; Tihan et al. 2011) . Again, it was determined that Gln administration to damaged tissues regulated release of free radicals (Kudsk 2002; Peng et al. 2004) . Gln has been shown to protect gut mucosa against oxidative damage through the induction of heat-shock protein 70 (HSP70) while HSP induction has a significant protective effect against liver injury (Saad et al. 1995) . Gln has also been found to reduce the expression of pro-inflammatory cytokines in intestinal immune and peripheral blood mononuclear cells in patients with acute pancreatitis (de Beaux et al. 1998; Coeffier et al. 2001; Schuster et al. 2006) . On the other hand, Gln supplementation rapidly improved the expression of proliferating cell nuclear antigen (PCNA) after cisplatin-induced intestinal mucosal injury (Tazuke et al. 2011 ). Tsai et al. (2011 suggested that dietary Gln supplementation decreased oxidative stress-related gene expression, increased the antioxidant potential and may consequently attenuate renal oxidative damage in rats with streptozotocin (STZ)-induced diabetes. On the contrary, enteral glutamine supplementation offered no advantage in patients with peritonitis or abdominal trauma .
It is reported that the GSH content of cells becomes depleted if they are deprived of energy substrates. Thus, by providing an energy source, and by acting as a precursor to GSH, Gln may increase the GSH content of hepatocytes and protect them from toxic substances (Ralph et al. 2010 ). An in vitro study by Babu et al. (2001) found that Gln prevented damage to the liver, and this was possibly mediated by GSH synthesis. Glnsupplemented nutrition significantly preserved hepatic glutathione in an animal model of pre-infusion with Gln and hepatic injury (Hong et al. 1992) . Roth et al. (2002) reported that there is a significant correlation between the Gln supply and intracellular GSH content. The administration of Gln reduced liver injury after bile duct ligation in a model of obstructive jaundice (Margaritis et al. 2005 ). In addition, preceding ingestion of a Gln suppressed liver injury in D-galactosamine-induced acute hepatitis (Komano et al. 2008 ).
Glutamine has a significant effect on suppression of apoptosis due to the increase of antioxidant activity. The studies showed that Gln preserved total GSH levels after oxidative damage, making it a component of the cellular antioxidant defense (Jia et al. 2006) .
Oxidative stress has been postulated to be one of the deleterious factors for liver, and it was also reported that antioxidant levels were significantly reduced in hepatic diseases (Gonzales et al. 2005) . Oxidative DNA damage is closely associated with TCDDinduced liver cancer (Knerr and Schrenk 2006) . Forgacs et al. (2010) suggested that TCDD altered the expression of genes associated with mitochondrial function including complexes I (NADH dehydrogenase), III (cytochrome c reductase), IV (cytochrome c oxidase), and V (ATP synthase) which might contribute to TCDD-elicited mitochondrial toxicity. ROS produced by activated macrophages and a consequent rise of lipid peroxidation caused direct activation of hepatic cells, leading to liver lesions (Svegliati et al. 1998 ). In our study, the level of TOS also significantly increased after treatment by TCDD compared to control cells. Consistent with our finding, TCDD increased oxidative stress in hepatic tissue of rats in vivo Turkez et al. 2012a, b) . The observations suggested that anti-oxidant therapy has an important role in preventing hepatic damages (Nakamura et al. 2010) . Treatment with Gln seems to preserve the antioxidant capacity, to protect the structure and mitochondrial function and to decrease the production of free radicals. The effects of Gln may also be due to the hepatic synthesis of antioxidant enzymes, protecting the tissue from the action of free radicals in a hepatic ischemia-reperfusion and TCDDinduced injury models (Yang 1993; Turkez et al. 2012a, b) . The antioxidant function of Gln has also been confirmed by decreasing the production of cytokines against liver injury (Urbina et al. 2004 ). Glutamine increased the activity of SOD in liver tissue after chemotherapy stress in TCDD model of rat (Xia and Wu 1997) .
The dose dependency of TAC suppression in hepatocyte cultures is also driven by the range of dose-response data available in our study. The studies provide some evidence that TCDD toxicity generally is related to increasing dose in tissues (Slezak et al. 2000) . The relative potency of TCDD is also estimated by comparing the different dose levels for a particular response. The dose dependency of TAC suppression in hepatocyte cultures is driven by the range of doseresponse data available in our study. The detrimental effects in hepatic tissue of TCDD might also lead to disruption in the functional integrity of hepatocytes (Czepiel et al. 2010) .
On the other hand, Gln catabolism was associated with decreased glutathione levels and antioxidant capacity, which correlated with increased apoptosis (Lora et al. 2004 ). Our results not only supported that Gln was potent hepatoprotective agent after MTT and LDH assays, but also explained the action on MNHEPs and 8-OH-dG of Gln. TCDD-induced oxidative stress caused 8-OH-dG and single strand breaks in DNA from liver and brain tissues of rats . In our investigation, 8-OH-dG significantly increased by the effect of TCDD. In addition, MN test was performed for the first time and revealed that TCDD exposure increased the rate of MNHEPs in hepatocytes. The Micronucleus assay is a reliable test to indicate chromosomal damage (Yilmaz et al. 2008) , MNHEPs production as 8-OH-dG is one of the key pieces of evidence for the possible involvement of antioxidant activity in oxidative DNA damage (TungKwang et al. 2010) . ROS can alter vital cell components like polyunsaturated fatty acids, proteins and nucleic acids. The increased production of reactive oxygen species, lipid peroxidation, and DNA and membrane damage are always associated with TCDD exposure (Shertzer et al. 1998) . Gln acted as a potent oxygen radical scavenger shown to be beneficial to carcinoma prognosis (Todorova et al. 2010) . Recently, Gln has been reported to possess anticancer properties (Halder et al. 2010) . Glutamine decreased DNA damage by protecting breast cancer cells from free radicals and reactive oxygen species generated by radiation in young healthy females (Cano et al. 2010) . Because, it is an important precursor of nucleic acids. And the amide nitrogen of Gln is the major component for the biosynthesis of nucleotides (e.g. purines and pyrimidines for DNA and RNA) (Neu et al. 2002) . Again, Gln is considered as an important precursor of amino sugars and proteins (Gao et al. 2009 ).
Collectively, Gln treatment offered beneficial effects against TCDD injury in hepatic tissue. The observed effect of Gln on antioxidant status, and DNA was reflected by a major protection against liver damage and hepatocyte lost. The data were essential to properly address the usage of Gln as a nutritional therapy for prevention of TCDD toxicity.
